1. Slower growth after repetitive browsing of young trees has been attributed to a 2 carbon (C) limitation, but data from long term studies are lacking. To 3 determine if repeated summer browsing causes a C (source) limitation in trees 4 in the long-term, we analysed the non-structural carbohydrate (NSC) and 5 nitrogen (N) concentrations and pools of Betula pubescens saplings subjected 6 to different clipping treatments (unclipped, 33% and 66% shoot removal) for 7 seven years. 8
Introduction 1
Browsing is an important factor inhibiting the regeneration of native woodlands in 2 many parts of the world (Hester et al. 2000 , Côté et al. 2004 , Gill 2006 . One of the 3 direct consequences of browsing during late spring or summer is a decrease in total 4 leaf area, leading to a reduction in photosynthetic carbon (C) assimilation. Therefore, 5 it has been suggested several times that a C limitation is the cause of reduced tree 6 growth after browsing (Ericsson, Larsson & Tenow 1980 , Hoogesteger & Karlsson 7 1992 , Crête & Doucet 1998 , including a C limitation to ectomycorrhizal symbiosis 8 (Markkola et al. 2004) . 9
Resource use by trees has often been considered in relation to their 10 environment using C as the basic currency (Millard, Sommerkorn & Grelet 2007) . 11
Implicit in this approach is the assumption that, as C 3 photosynthesis is limited by the 12 availability of CO 2 , plant functioning should be considered in relation to C 'costs'. 13
Tree growth and C status can be viewed as being either source (C acquisition) or sink 14 each case, with the exception of Mediterranean sclerophyllous woodlands during 1 periods of drought, NSC pools were found to vary little either seasonally (Körner, 2 2003) or with altitude (Hoch & Körner, 2003; 2005; Shi et al., 2006) and to be 3 maximum during periods of reduced or zero growth. This has been interpreted as a 4 sink limitation to growth (due to environmental or developmental constraints), rather 5 than a limitation on C availability. Indeed, temperate, deciduous trees have been 6
reported to contain enough NSC to replace their entire canopy four times (Hoch, 7 Richter & Körner, 2003) . 8
Several studies have reported a decrease in starch pools after browsing or 9 defoliation in deciduous (Wargo, Parker & Houston 1972 , Kolb et al. 1992 , Canham, 10 Mcaninch & Wood 1994 , Van Der Heyden & Stock 1996 and evergreen species 11 (Webb & Karchesy 1977 , Ericsson et al. 1985 , Li, Hoch & Körner, 2002 . These 12 results suggest that browsing can cause a C source (photosynthetic) limitation to the 13 regeneration of some species. However, trees can also show compensatory increases 14 in photosynthesis following defoliation (Hoogesteger et al. 1992 , Lovett & Tobiessen 15 1993 , Vanderklein & Reich 1999 , explaining why in some experiments defoliation 16 had no (or only transient) effects on NSC levels (Raitio, Paukkonen & Kauppi 1994, pubescens had almost finished and carbohydrate storage levels have been reported to 23 be at a minimum (Mäenpää et al. 2001) . Whole saplings were harvested, trying to 24 recover as many roots as possible without disturbing the rest of saplings in the plot.
Samples were taken to the laboratory immediately after harvest and stored at -20 ºC, 1 until they were separated into: leaves, current-year, one and two-year-old stems, 2 woody stems (older than two year), coarse roots (> 2mm) and fine roots (< 2mm). 3
Samples were freeze-dried, weighed to the closest 0.01 mg and milled to a fine 4 powder in a ball mill (Retsch Mixer MM301, Leeds, UK). 5 6 EXPERIMENT 2: SHORT-TERM RESPONSES 7
The second hypothesis of the study was addressed by removing 66% of the shoots in 8 late June 2007 from 27 of the remaining individuals (3 per plot and treatment; Fig. 1 ). 9
The clippings from each sapling were kept for morphological and chemical analyses. 10
The remaining 27 saplings (3 per plot and treatment) were left unclipped as controls 11 (Fig. 1 ). Plants were left to grow for eight weeks and whole individuals were 12 harvested as above in late August, before the onset of leaf shedding. Samples were 13 taken to the laboratory immediately after harvest and processed as explained above 14 for biomass and chemical analyses. 15
ROOT BIOMASS ESTIMATES 17
Due to practical reasons (disturbance of other experimental saplings), it was 18 impossible to excavate the complete root system of all the individuals harvested in 19 both the experiments. Consequently, the possible effect of clipping on root biomass 20 allocation could not be accounted for in this study. The biomass and C and N pools in 21 the main roots (> 2mm diameter) of sampled individuals were estimated by linear 22 regression. Nine additional individual saplings growing outside the plots were fully 23 excavated. Most roots, except very fine ones (< 2mm), were followed until their end 24 and collected. Although these plants were not included in the fenced plots, they wereunlikely to have suffered from much browsing, as the deer numbers on the Corrimony 1 RSPB Reserve are kept very low to ensure native forest regeneration. Individuals 2 were selected to cover the size range of the saplings included in the experiments. The 3 excavated plants were taken to the laboratory and processed as explained above. 4
Measurements of the biomass of the different organs of these plants were used to 5 obtain the following equation relating the above and below ground biomass of B. The first step in our analysis was to identify the main C storage pools in B. pubescens. 1
Information on the amount of NSC, i.e. the pools, rather than just mass-based 2 concentrations, is needed to understand changes in C storage in response to 3 disturbances (James, 1984) . Trees may have similar NSC concentration but if the size 4 of their storage organs differs, their NSC pools and hence the potential ability to 5 survive disturbances will be different (Iwasa & Kubo 1997) . Starch, SS, NSC and N 6 pools were calculated by multiplying the mass-based concentrations of the different 7 organs of unclipped trees (from Experiment 1) by their biomass. Coarse roots biomass 8 was estimated by using the equation described above [Eq. 1] . Differences in the 9 biomass and N, SS, starch and NSC pools and concentrations of the different fractions 10 among clipping treatments were assessed by residual maximum likelihood (REML, 11 Genstat 9) analysis, with "long-term clipping" as a fixed factor, "plot" as a random 12 factor and the logarithm of aboveground woody biomass at harvest as a covariate. The 13 use of covariates in REML analyses allowed explicit examination of the variation 14 between individuals caused by previous differences in the size and morphology of 15 individuals, and not by treatments. Log-transformed values were used for pools in all 16 comparisons to meet the assumptions of REML. Differences between individual 17 means were tested using least significant differences (LSDs) calculated directly from 18 the REML analysis. 19
In order to study if repeated summer clipping over seven years had had any 20 effect on the growth (height, canopy area and stem diameter at the end of growth 21 season) of birch saplings, REML analysis was used with long-term clipping as fixed 22 factor, plot as a random factor, and pre-treatment height and stem diameter measured 23 in August 2000 as covariates. All variables were log-transformed to meet therequirements of REML. Differences between individual means were tested using 1 LSDs calculated directly from the REML analysis. 2
Because pools are inherently affected by tree size, the effect of repetitive 3 summer browsing on the C partitioning into starch was assessed by non-linear 4 regression analysis between starch pools (g starch plant -1 ) and the logarithm of the 5 total biomass of the trees (Experiment 1). In this way, differences in C partitioning 6 into starch pools could be assessed independently of tree size. Separate curves were 7 fitted to the different long-term clipping treatments (33%, 66% and control) and 8 compared to assess if clipping modifies the amount of C partitioned to starch per g of 9 plant biomass. A C (source) limitation in trees due to browsing would be seen as a 10 decrease in the partitioning of C into starch, as clipping intensity increases. 11 Accordingly, the slope of the curve of the 66% treatment would be the lowest, and 12 than that of the control the largest. 13 REML analyses were also used to assess the short-term effect of summer 14 browsing on trees previously subjected to different long-term clipping treatments 15 (Experiment 2). The model comprised: short-term clipping (66% clipped and control) 16 and long-term clipping treatment (33%, 66% and control) as fixed factors; plot as a 17 random factor; and the logarithm of aboveground woody biomass at harvest as a
Results 1 2 DISTRIBUTION OF STARCH AND SS POOLS 3
Coarse roots and main stems contained the majority of the NSC pools in B. 4 pubescens, accounting for 87-94% of the total starch and 70-87 % of the total SS pool 5 of trees (Fig. 2) . The amount of NSC accumulated in young twigs, i.e. current-year, 6
one and two year old stems, was very low, and even when combined together in one 7 fraction they accounted for only 1.5% of the total pool of birch saplings (Fig. 2) . 8
EFFECT OF REPETITIVE CLIPPING ON GROWTH 10
Long-term repeated summer clipping resulted in significantly smaller saplings (Table  11 1). The height, canopy area and stem diameter of control trees was always larger than 12 33% clipped trees, which in turn were larger than 66% trees (Table 1 ). Although trees 13 from different treatments were similar in size at the beginning of the study (2000), 14 differences between treatments (P < 0.001) were highly significant after seven years 15 of repetitive clipping. 16
EFFECT OF REPETITIVE CLIPPING ON NSC POOLS 18
The relationship between the amount of starch present in the main woody organs 19 (coarse roots and main stems) and total plant biomass was highly significant (P < 20 0.001) and explained 95.5 % of the total variability of the data (Fig. 3) . However, 21 contrary to our first hypothesis, the curves fitted to the three long-term clipping 22 treatments were not significantly different from each other (P = 0.982), and hence 23 there was no treatment effect on the C partitioning to starch.
The comparison of the average C and N pools of the different organs by 1 REML gave similar results. Leaf NSC pools in trees subjected to 66% clipping were 2 significantly lower than control and 33% trees in Experiment 1 (Table 2 ). However, 3 these differences could not be found in trees harvested for Experiment 2 in late 4 August ( Table 3) . The only significant effect of long-term browsing that was 5 consistent through time was a decrease in SS concentrations in fine roots (P = 0.035). 6
Apart from this, there were no significant differences in the C and N pools or 7 concentrations in the different organs of trees, irrespective of their treatment (Tables 2  8   and 3) . 9
SHORT-TERM EFFECT OF CLIPPING 11
Short-term responses to clipping were assessed by measuring C and N pools in trees 12 harvested in Experiment 2, eight weeks after clipping. There were no significant 13 short-term effects on the SS, starch, total NSC or N concentrations or pool sizes in the 14 coarse roots, fine roots and two-year-old twigs of B. pubescens (Table 3 Many previous studies have found that browsing or defoliation causes a decline in 3 starch reserves (Wargo et al. 1972 , Webb et al. 1977 , Ericsson et al. 1985 , Ericsson et 4 al. 1980 , Kolb et al. 1992 , Canham et al. 1994 , Li et al. 2002 , Van Der Heyden et al. 5 1996 . Our results agree with these previous studies in the short-but not in the long-6 term, as annual clipping for seven years had no effect on the C partitioning to starch. 7
Consequently, although tree growth was reduced by simulated long-term browsing, it 8
was not due to a C source (photosynthetic) limitation. 9
Three factors can explain these contrasting results. First, in many of the 10 studies that found a significant reduction of C reserves, this was caused only by 11 complete or very heavy defoliation (removing more than 90% of the leaves), while the 12 effect of less harsh treatments were not significant (c.f. Kolb et al. 1992 , Tschaplinski 13 et al. 1994 , Van Der Heyden et al. 1996 , Wargo et al. 1972 . Natural browsing, even 14 if repeated over time, does not normally result in complete defoliation of trees (Gill 15 1992) . Compensatory increases in the photosynthesis of surviving leaves 16 (Hoogesteger et al. 1992 , Lovett et al. 1993 ) may suffice to compensate for the C 17 losses associated with browsing or light defoliation experiments (Tschaplinski et al. 18 1994) . For example, Van der Heyden & Stock (1996) , demonstrated that plants of the 19 deciduous shrub Osteospermum sinuatum were able to over-compensate NSC pools in 20 twigs just 4 weeks after clipping, despite twig biomass having been reduced by 80%. 21
Secondly, in many studies the decrease in C pools following clipping was only 22 transient (Kosola et al., 2001) , or only short-term effects were assessed (c.f. Buwai & 23 Trlica 1977 , Canham et al. 1994 , Li et al. 2002 , Wargo et al. 1972 . In our study, 24 simulated browsing had a significant short-term impact on the NSC pools of mainstems, and decreased the N and C pools of all the fractions directly affected by 1 clipping (such as leaves and young twigs). However, trees were able to compensate in 2 the longer term, so that there were no differences between treatments in the NSC 3 pools of stems or coarse roots. On the other hand, the differences we found in the 4 NSC pools of leaves of different long-term clipping treatments were not consistent 5 through time, which indicates that they were merely due to changes in phenology. 6
Previous studies have shown that browsing can modify bud burst dates in some 7 species (Hester et al. 2004) , which may have a subsequent impact on the timing of 8 other phenological stages. Such phenological differences can lead to variations in 9 NSC and N seasonal dynamics (Milla et al. 2005; Palacio et al. 2007 ), which would 10 explain the contrasting results obtained for different sampling dates in this study. 11
Finally, many of the previous studies that found a significant decrease in C 12 stores after browsing were conducted on evergreen conifers (Ericsson et al. 1980 , 13 1985 , Li et al. 2002 , Webb et al. 1977 evergreen conifers, where even light defoliation treatments can cause a significantdecrease in NSC pools (Ericsson et al. 1980 (Ericsson et al. , 1985 . Nevertheless, even when severe 1 defoliation was applied, evergreen conifers did not seem to be C source limited either, 2 as their C stores were never depleted and trees were able to recover most of the initial 3 decrease by the end of the first growing season (Ericsson et al. 1985 , Li et al. 2002 , 4 Vanderklein et al. 1999 . 5
Repeated summer browsing did not cause a C source limitation in B. 6 pubescens trees, but it did markedly decrease their growth. What factors other than C 7 availability could account for such reduced growth? Repetitive defoliation has been 8 suggested to cause a nutrient limitation in tree growth by decreasing tree N content, 9 increasing fine root mortality and subsequently reducing nutrient uptake (Tuomi, 10 Niemelä & Sirén 1990 , Bryant et al. 1993 . However, differences in N concentrations 11 and pools among long-term browsing treatments were not significant in this study. 12
Similarly, Millard et al. (2001) and Millett et al. (2005) found no significant effect of 13 a single browsing event on the N remobilization or N uptake by birch, and Danell, 14 saplings subjected to a repeated 66% summer clipping (the least vigorous ones) were 1 dead and resprouts were scarce (data not shown). Other studies of NSC pools in trees 2 have also concluded that growth in a wide range of ecosystems is C sink, not source 3 limited (Körner 2003 , Hoch & Körner 2003 , 2005 , Shi et al. 2006 . 4
To conclude, this work demonstrates that summer clipping can decrease C 5 pools in the short but not in the long-term. Trees are apparently able to compensate 6 for C losses derived from browsing, so that repetitive summer clipping performed 7 over seven years does not change the C partitioning to NSC pools of B. pubescens 8 trees growing in the wild. Differences with previous studies can be explained by 9 differences in treatment intensity, time elapsed after the application of treatments and 10 the species involved in the study. Altogether, our results support the view that trees 11 are not C (source) limited. 12 Wald statistic and P-values are shown. Significant differences between treatments are 7 indicated in bold. D. f. = 2 for long-term treatment and D. f. = 1 for short-term 8 treatment effects. 9 
